Pungency in the fruit of pepper (Capsicum spp.) is due to the accumulation of capsaicinoids. We isolated two genes characterized as putative Capsicum acyl-transferase genes (Catf-1 and Catf-2) from the placenta of pungent pepper, which displayed consensus motifs of acyl-transferase, H***D and DFG*G. The expression pattern of Catf-1 coincided with the accumulation of capsaicinoids in pungent pepper. The Catf-1 was expressed in placenta of pungent pepper fruit, but not in other organs, such as leaf, flower, seed and pericarp. Accumulation of mRNA of Catf-1 varied with the developmental stages of the pungent pepper fruits. Genomic PCR and Southern blot studies revealed the presence of a sequence deletion at the 5′ end of the Catf-1 coding region in the non-pungent line. In the F 2 population obtained from a cross between a non-pungent strain ('mGTY-1') and a pungent strain ('277 long'), the genotype at the Catf-1 locus cosegregated with the phenotype for fruit pungency. These results suggest that Catf-1 is a candidate gene differentiating pungent from non-pungent peppers.
Introduction
Pungent pepper (Capsicum spp.) is widely used as spice, food additive and in medicines. The group of alkaloids called capsaicinoids confers pungency in pepper. Studies on the biosynthetic pathway of capsaicinoids in pungent pepper indicated that phenylalanine and valine (or leucine) act as precursors in the synthesis of vanillylamine and acyl moieties, respectively, and that in the last step, capsaicinoids are formed by condensation of vanillylamine and C 7 to C 13 acyl moieties ( Fig. 1) (Fujiwake et al. 1980 , 1982 , Suzuki et al. 1981 , Curry et al. 1999 , Aluru et al. 2003 , Blum et al. 2003 . More than 10 analogues of naturally occurring capsaicinoids have been recognized in pungent pepper fruits, of which capsaicin (N-(4-hydroxy-3-methoxybenzyl)-8-methyl-trans-6-nonenamide) is the most pungent compound. Production of capsaicin always occurs together with that of other capsaicinoids, mainly dihydrocapsaicin, and small amounts of nordihydro-, homo-, homodihydro-, nor-and/or nornorcapsaicin (http://europa.eu.int/comm/food/fs/sc/scf/ out120_en.pdf). Capsaicinoids are synthesized in the placenta tissue of pungent pepper fruits (Iwai et al. 1979 , Suzuki et al. 1981 . The accumulation of capsaicinoids is regulated differentially by the developmental stages of the pepper fruits. Capsaicinoids are first detected at 10-15 days after flowering (DAF), and are synthesized and accumulate actively at 20-30 DAF. After 40-50 DAF, the capsaicinoid content gradually decreases (Iwai et al. 1979) .
The capsaicinoid content is determined by the inheritance of quantitative variation and is influenced by environmental conditions (Harvell and Bosland 1997, Aluru et al. 2003) . On the other hand, a single locus C has been reported to be essential for the control of the production of capsaicinoids; the pungent allele is dominant over the non-pungent allele (Ben Chaim et al. 2001 , Blum et al. 2002 . The genetic basis of pungency has not been elucidated, especially, the characteristics of the enzyme referred to as capsaicinoid synthase (CS) which catalyzes vanillylamine and acyl moieties for the synthesis of capsaicinoids in the last step of the biosynthetic pathway as well as its gene remain unknown. In the present paper, we described in detail a critical gene responsible for pungency in Capsicum in a genetic segregation population. Among several ESTs which had been isolated by differential display analysis, none of them coincided with the genetic segregation of pungency. On the other hand, Kim et al. (2001) isolated several cDNA fragments from pungent pepper fruits, and one gene in accession No. BF723664 showed the expression pattern corresponding to the biosynthesis of capsaicinoids. Although cDNA with a sequence of about 350 bp exhibited an identity with a putative acyltransferase (designated as Capsicum acyl-transferase (CATF)), its gene has not been fully characterized yet. Here, based on the sequence of the cDNA clone, we isolated the full size of two putative Capsicum acyl-transferase genes, Catf-1 and Catf-2, and analyzed their characteristics, expression pattern and genetic behavior. 
Materials and Methods

Plant materials and pungency determination
For segregation analysis, we used a F 2 population of 133 plants derived from a cross between 'msGTY-1', a nonpungent strain of C. annuum, and '277 long', a pungent strain of C. annuum. These plants, together with other Capsicum lines with pungent or non-pungent fruit, were grown in the experimental field of Kihara Institute for Biological Research in the summer of 2004. At least 6 fruits of each F 2 pepper plant at various developmental stages were tasted to estimate the pungency by more than 8 persons. Three fruits from each plant were harvested and dried for the extraction of capsaicinoids.
HPLC analysis of capsaicinoids in pepper fruits
Pepper fruits harvested at around 30 days after flowering (DAF) were dried for two days at 50°C. The whole dried fruit was ground for capsaicinoid extraction with a 30% ethanol solution (5 ml/mg). The suspension was incubated for 6 hours at 68°C with shaking at 120 rpm (Santamaria et al. 2000) . The mixture was filtered with a filter paper, and then with a syringe driven filter (PVDF, Durapore, 0.22 µm). A 10 µl aliquot of the flow-through solution (capsaicinoid extract) was analyzed by high performance liquid chromatography (HPLC) using a C18 column (100 mm (L) × 1.0 mm (D)) (NOMURA CHEMICAL) with a mobile phase of 45% acetonitrile/55% dH 2 O at a flow rate of 0.05 ml/min at 28°C. The UV absorbance at 280 nm was measured. The peak areas for capsaicin and dihydrocapsaicin were converted to mg, based on the report of Kurian and Starks (2002) .
Genomic PCR and RT-PCR amplification
Total DNA and total RNA were extracted according to the method of Lang et al. (2004) , DNA was obtained from the leaf, and RNA from the leaf, flower, seed, pericarp and placenta in fruits harvested at various developmental stages.
Genomic PCR amplification was performed using the total DNA under the following conditions; 5 min. at 95°C, followed by 30 cycles, each for 1 min. at 95°C, 1 min. at 60°C, and 2 min. at 72°C with final extension for 7 min. at 72°C.
For reverse transcription PCR (RT-PCR) amplification, cDNA was synthesized by DNase I-treated total RNA with random primers using SuperScript TM III transcriptase (Invitrogen). The synthesized cDNA was used as a template for the PCR reaction under the same conditions as those for the genomic PCR described above.
Rapid amplification of the 5′ cDNA ends (5′ RACE)
Based on the sequence of the cDNA clone BF723664 (Kim et al. 2001) , two pairs of primers, S1 and A1, and S2 and A2 (Table 1) were designed for the first PCR amplification and the nested PCR, respectively. A total of 1.5 µg of RNA isolated from the placenta in the fruit of '277 long' (pungent fruit) was transcribed reversely with 10-mer of phosphorylated oligonucleotides using AMV transcriptase XL (TaKaRa). The extension of the 5′ cDNA end was carried out according to the manufacturer's protocol of '5′-Full RACE Core set' (TaKaRa). The nested PCR amplified products were cloned, and their sequences were determined as described in the report of Lang et al. (2004) . 
Accessions No. AB206919 AB206920 used in the present study
CAAAAATGAACGACTAATGG 660 A) F, Forward primer; B) R, Reverse primer; 1) Original C was replaced by T.
Southern blot analysis
A total of 10 µg of DNA was digested with the restriction enzymes Xba I. The digested DNA was electrophoresed on 1% agarose gel, and then transferred onto Hybond N+ membranes (Amersham). Genomic PCR products were labeled with a BcaBest labeling kit (TaKaRa) with 32 P dCTP for use as probes. Hybridization was performed overnight at 68°C in a hybridization buffer solution (6 × SSC, 5 × Denhardt's, 0.5% SDS). The membrane was washed with 2.0 ×, 0.5 × and 0.2 × SSC at 68°C. The radioactive isotope signals were detected using BASS2000II (Fuji Film).
Results
Segregation of pungent and non-pungent pepper fruits in F 2 population
The F 1 plant from the cross between a non-pungent pepper strain (msGTY-1) and a pungent fruit strain (277 long) bore pungent fruits. Out of 133 F 2 plants, 105 had pungent fruits and 28 had non-pungent fruits. This segregation fitted to a 3 : 1 ratio with χ 2 = 1.0076 (P = 0.90), indicating that the pungency is controlled by a single dominant gene over non-pungency in this population.
Capsaicinoid compounds and content
No pungent taste was detected in the fruits of '277 long' at 10 DAF, while the fruits at 20-30 DAF were very pungent, with a gradual decrease in pungency at 40 DAF. Capsaicinoids in the fruits of 'msGTY-1', '277 long' and pungent F 2 plants were differentially detected by HPLC. No capsaicinoids were detected in non-pungent 'msGTY-1', while two main peaks corresponding to capsaicin and dihydrocapsaicin, and a minor one for nordihydrocapsaicin were observed in '277 long' which bore pungent fruits (Fig. 2) . These three peaks were also observed in all the F 2 individuals with a pungent taste (data not shown). The amounts of capsaicin and dihydrocapsaicin varied among the pungent individuals from 0.34 to 8.33 mg and 0.05 to 3.36 mg per dried pepper fruit, respectively.
Expression analysis
Expression analysis was performed by the RT-PCR method in various tissues at various developmental stages of the placenta from pungent '277 long', and various Capsicum germplas accessions using the primers, U1 and D1, designed according to the sequence of the cDNA clone BF723664. Two transcriptional fragments, designated as Catf-1 and Catf-2, were detected in the placenta, but not in the tissues of other organs, such as leaf, flower, seed and pericarp (Fig. 3A) .
The cDNA clone Catf-2 was expressed at all the developmental stages of the placenta, while Catf-1 was expressed depending on the stage. The accumulation of Catf-1 mRNA which was not detected at 10 DAF, reached a high level at 20 and 30 DAF, and then decreased at 40 DAF (Fig. 3B) . Thus, the expression of Catf-1 was related to the developmental stages, in the same way as the accumulation of capsaicinoids in the placenta of pungent pepper. Expression of Catf-1 and Catf-2 was examined in five Capsicum lines with pungent fruit, 'Shishito', 'Takanotume', 'KC465', 'KC139' and 'Jalapeno', as well as in four with non-pungent fruit, 'msGTY-1', 'C1' and 'C8'. All of these Capsicum lines belonged to C. annuum, except for 'KC465' which belonged to C. chinense. RT-PCR analysis using total RNA isolated from the placenta at 30 DAF revealed that Catf-2 was expressed in both pungent and nonpungent Capsicum lines, while Catf-1 was detected only in the pungent Capsicum lines (Fig. 3C) .
Cloning of cDNA and DNA sequences By 5′ RACE, two cDNA clones with 1399 bp and 1317 bp were obtained from the fruit placenta of '277 long' for Catf-1 and Catf-2, respectively. In the 3′ end region, Catf-1 corresponded to the sequence of the cDNA clone BF723664, while Catf-2 showed three deletions of 23 bp, 4 bp and 28 bp, compared with Catf-1 (Fig. 4) . The cDNA nucleotide sequence of Catf-2 showed strong similarity (82% identity) to that of Catf-1, except for these three deletions. For the Catf-2 gene, no difference was found between pungent '277 long' and non-pungent 'msGTY-1' within the 1317 bp cDNA sequences (data not shown).
Genomic PCR amplification was conducted in '277 long' using a pair of specific primers for Catf-1, U16 and D14, and a pair for Catf-2, U25 and D25 (Table 1) . DNA sequence analysis revealed the presence of one intron in the respective genes, 347 bp in Catf-1 and 670 bp in Catf-2 (Fig. 4) .
Sequence characterization
The coding sequences of cDNAs corresponded to 466aa for Catf-1 and 439aa for Catf-2. The search of the database using the BLASTx program indicated that both Catf-1 and Catf-2 showed a similarity (~33% identity) to a group of acyl-transferase genes in other plants, which catalyze acylation in the biosynthesis of various alkaloids. Fig. 5 shows the multiple alignment of the deduced amino acid sequence of Catf-1 and Catf-2 with four acyl-transferases genes in other plants. They shared highly conserved motifs, H***D (*: variable identity of amino acids) and DFG*G, which occure in many plant acyl-transferases, in addition to consensus conserved sequences L***Y***AG (Reed and Hachert 1990 , St-Pierre et al. 1998 , Aharoni et al. 2000 . Based on these results, it was suggested that both Catf-1 and Catf-2 genes encode an acyl-transferase of Capsicum.
Variation in Catf-1 genomic DNA sequence in non-pungent pepper Because the expression pattern of the Catf-1 gene revealed a consistency with the biosynthetic pattern of capsaicinoids in pungent pepper, we performed further analyses of the genomic DNA sequence of the Catf-1 gene. Four primers, D14 (Table 1) designed from the 3′ end sequence of Catf-1-specific, U16, U2 and U3 (Table 1 ) from the 5′ end, Fig. 3 . Differential expression of Catf-1 and Catf-2 revealed by RT-PCR analysis (A) various tissues; (B) developmental stages of placenta in pungent '277 long'; and (C) various pepper germplasm accessions (DAF, days after flowering). Capsicum accessions, Shishito, KC465, Takanotsume, jalapeno, KC139 have pungent fruits; msGTY-1, C1 and C8 have non-pungent fruits. The "1" and "2" refer to Catf-1 and Catf-2, respectively. The fragment sizes of Catf-1 and Catf-2 are shown on the left side. Fig. 4 . Comparison of the structure of Catf-1 (P 1 , 'msGTY-1' and P 2 , '277 long') and Catf-2 and sequence regions used as probes for Southern blot analysis Dotted line indicates the deletion region of Catf-1 in P 1 ('msGTY-1'). were combined for genomic PCR amplification using the two parents, 'msGTY-1' and '277 long'. When we used two combinations of U16 and U2 with D14, as expected, we obtained 1601 bp and 1118 bp PCR-amplified fragments, respectively, from the pungent '277 long', but no amplified products from the non-pungent 'msGTY-1' (Fig. 6) . Comparatively, using U3 and D14, a 1054 bp fragment was detected from both pungent '277 long' and non-pungent 'msGTY-1' (Fig. 6 ), suggesting that sequence variation occurred in the 5′ end region of Catf-1 in 'msGTY-1'. Genomic Southern blot analysis was performed on DNA after digestion with Xba I from two parent lines as well as their F 1 plants (Fig. 7) . The genomic PCR product from the 3′ end sequence of Catf-1 amplified by the primers, U3 and D1, and that from the 5′ end sequence amplified by the primers, U16 and D3 (Table 1) were used as probe I and probe II, respectively (Fig. 4) . Probe III was derived from the Catf-2 specific genomic PCR product amplified with the primers, U22 and D22 (Table 1) (Fig. 4) . When using the Catf-2-specific probe III, only the 20.0 kb fragment was detected in both 'msGTY-1' (P 1 ) and '277 long' (P 2 ) as well as the F 1 , indicating that the 20.0 kb hybridization fragment corresponded to Catf-2. When using probe I from the 3′ end of Catf-1, polymorphisms were observed between P 1 and P 2 ; namely two fragments, 15.0 kb and 2.5 kb in size, were detected in P 1 , and one fragment (4.5 kb) in P 2 . However, when probe II from the 5′ end of Catf-1 was used, no hybridization fragment of Catf-1 was found in non-pungent P 1 . These studies indicated that part of the 5′ end sequence of Catf-1 was deleted in non-pungent 'msGTY-1'. Since sequence analysis of Catf-1 and Catf-2 revealed the absence of the Xba I site in P 1 , it was difficult to determine which of the two fragments was associated with the critical gene. . Genomic PCR analysis at the 3′ and 5′ ends of Catf-1 in the parents P 1 ('msGTY-1', non-pungent) and P 2 ('277 long', pungent). Three forward primers from the 5′ end, U16, U2 and U3 were combined with a reverse primer from the Catf-1-specific 3′ end, D14 for PCR amplification. M4: size marker X174 digested with HaeIII.
Segregation of CAPS pattern in Catf-1
Designated cleaved amplified polymorphic sequence (dCAPS) analysis was performed to detect the segregation of genotypes at the Catf-1 locus in the F 2 population of 133 plants. DNA sequence analysis revealed a single nucleotide polymorphism (SNP) at the position of 1559-bp at the 3′ end of Catf-1, that is C in 'msGYT-1' and G in '277 long'. A pair of 50-mer Catf-1-specific primers, U50 and D50 was designed for genomic PCR amplification of Catf-1 (Table 1) . In order to generate an Afl II site (CTTAAG) in the PCR amplified product of 'msGYT-1', C at the 48th base of primer D50 was replaced with T (Table 1) . Then, the PCR products from the two parents ('msGTY-1' and '277 long') and their F 2 plants were digested with the enzyme Afl II. Fig. 8 shows that the PCR fragment in 'msGYT-1' was digested with Afl II, unlike the PCR fragment in '277 long'. The segregation of the dCAPS pattern in Catf-1 showed a consistency of 98.5% (with two exceptions among 133 plants) with that of pungency and non-pungency in the F 2 population (Fig. 8) .
RT-PCR analysis revealed the absence of the transcript of Catf-1 in these two plants (data not shown).
Discussion
Isolation and characterization of Catf-1 and Catf-2
We obtained two clones, Catf-1 and Catf-2, from C. annuum, which contained cDNA nucleotides with 1399 bp and 1136 bp, respectively, with a 82% identity, except for three deletions in 3′-UTR of Catf-2. The DNA sequences for Catf-1 and Catf-2 included a 347 bp intron and a 670 bp intron, respectively. The putative proteins for the two genes displayed consensus functional motifs, H***D and DFG*G, that are conserved in most acyl-transferases. A search of the database for the amino acids of Catf-1 and Catf-2 revealed ã 33% identity with the acyl-transferase group. These results indicated that both Catf-1 and Catf-2 encode putative acyltransferases in Capsicum.
Catf I, a candidate gene determining pungency Both Catf-1 and Catf-2 were expressed only in the placenta, and not in the leaf, flower, seed or pericarp. There were no significant differences in the transcription of Catf-2 with the Capsicum line or developmental stage of placenta. In contrast, Catf-1 showed a stage-specific accumulation pattern of mRNA, and was expressed only in the pungent Capsicum lines. This tendency was in agreement with the accumulation pattern of capsaicinoids in the placenta of pungent pepper detected by HPLC analysis as well as the degree of pungency determined by the taste test. These findings imply that Catf-1 is involved in capsaicinoid biosynthesis in pungent pepper, and that Catf-2 plays a role in a placentaspecific acyltranslation reaction other than pungency.
The results of the molecular marker analysis of Catf-1 in the segregation population revealed a strong linkage to the pungency of fruits with two exceptions. The pungent phenotype was dominant over the non-pungent phenotype. Two plants, which were heterozygous for Catf-1 based on dCAPS analysis, yielded non-pungent fruits and failed to reveal the transcript of Catf-1 in their placenta according to the RT-PCR analysis result (data not shown). Harvell and Bosland (1997) reported that environmental conditions exert a considerable influence on capsaicinoid accumulation. A preliminary experiment showed that the expression of Catf-1 in developing fruits decreased after a whole plant of a pungent line was subjected to shading (data not shown). We Fig. 7 . Southern hybridization patterns. Total DNAs isolated from the two parents (P 1 , 'msGTY-1'; P 2 , '277 long') and F 1 plants were digested with Xba I. The 3′ and 5′ end sequences from genomic PCR products of Catf-1, and a Catf-2-specific genomic PCR fragment sequence were used as probes I, probe II and probe III, respectively (Fig. 4) . Fragment sizes are shown on the left side. Fig. 8 . dCAPS patterns of Catf-1 in the two parents (P 1 : 'msGTY-1' and P2: '277 long') and F 2 plants. Genomic PCR products amplified by the primers, U50 and D50 (Table 1) , were digested with Afl II. M4: size marker X174 digested with HaeIII.
consider, therefore, that these two non-pungent plants were affected by environmental factors. Genomic PCR and Southern blot analysis revealed the presence of a deletion at the 5′ end of the Catf-1 coding region in 'msGTY-1' which bore non-pungent fruits. This deletion probably caused the lack of Catf-1 expression in the non-pungent plants even though the 3′ end sequence was conserved. In conclusion, we suggest that the gene, Catf-1 encoding a putative acyl-transferase of Capsicum is a candidate genetic factor for pungency in Capsicum.
The last step in capsaicinoid production is catalyzed by the enzyme referred to as capsaicinoid synthase (CS) using vanillylamine and acyl moieties (C 7 to C 13 ) as substrates. We considered that the reaction in this step should be the transacylation reaction from acyl-CoA to vanillylamine, namely, that CS functions as acyl-transferase. The acyl-transferase gene belongs to a superfamily with multiple functions related to the biosynthesis of most secondary metabolites (Reed and Kackert 1990) . In many plants, acyl-transferase is involved in the biosynthesis of various alkaloids, for instance, BEAT (GenBank accession AF043464) catalyzes the formation of the ester benzyl from benzyl alcohol and acetyl-CoA in Clarkia breweri (Dudareva et al. 1998) ; Catharanthus roseus DAT (AF053307) catalyzes acetyl-CoA and deacetylvindoline for the formation of vindoline (St-Pierre et al. 1998); AAT1 (CAA94432) encodes a Catharanthus roseus alcohol acyl-transferase that participates in the biosynthesis of aroma volatiles (Yahyaoui et al. 2002) ; and SAAT (AAF04784) encodes a strawberry alcohol acyl-transferase involved in the biosynthesis of fruit flavor in Fragaria spp. (Aharoni et al. 2000) .
Capsaicinoids are biosynthesized only in the placenta tissue of pungent pepper depending on the developmental stages (Iwai et al. 1979 ). The present study revealed that Catf-1 is expressed specifically in the placenta and only in pungent lines. Other acyl-transferases have been reported to display an organ-and developmental stage-specific expression for the synthesis of secondary metabolites (Dudareva et al. 1998 , St-Pierre et al. 1998 , Yahyaoui et al. 2002 , Aharoni et al. 2000 . Therefore, we suggest that Catf-1 encodes CS, which catalyzes the reaction of vanillylamine and acyl-CoA for the formation of capsaicinoids in pungent pepper. Further biochemical characterization should be carried out to confirm the enzymatic function of the Catf-1 and Catf-2 products in the capsaicinoid biosynthesis.
